Abstract
Introduction
People with chronic spinal cord injuries (SCIs) experience delayed ulcer healing rates below the level of spinal denervation compared to their able-bodied peers [1] . Poor ulcer healing rates among SCI people cannot be explained by loss of sensation and immobility alone, since skin ulcers frequently show delayed healing after pressure is removed or further deterioration and ulcer development following minor trauma [2] . One important factor thought to contribute to poor healing rates in people with chronic SCI is ischemia, due to decreased blood supply and decreased blood flow of denervated cutaneous and muscle tissues [3] .
Recent studies in healthy subjects [4] and in patients with peripheral arterial disease [5, 6] showed that applying intermittent negative pressure (INP; −40 mm Hg) to the lower leg and foot increased foot macrocirculation and microcirculation. The increased foot circulation was due to INP-induced increases in blood flow pulsatility (variability in blood flow velocity and skin blood flow) [4, 5] . Foot circulation increased with only minor changes in central hemodynamics [4, 5] .
The theoretical foundation for the use of INP is that it improves blood flow to the small blood vessels of the skin by inducing rapid changes in perfusion pressure at the onset of negative pressure [7, 8] . This increases the delivery of oxygen and nutrients to the cells, thereby facilitating wound healing [6] . Several clinical studies suggest that INP improves wound healing of chronic ulcers [6, 7] and increases peripheral circulation [9] [10] [11] .
Loss of supraspinal regulation in people with SCI results in deficient control of the vascular bed below the spinal cord lesion [12, 13] and enhanced vasoconstrictor response during leg dependency [14] . Together, these factors may potentially cause different cardiovascular responses during INP in people with SCI compared to their able-bodied peers. Although previous studies show increased acute and longterm circulatory effects in the treated limb during application of INP [4, 5, 7] , the effects of INP on foot circulation and central hemodynamics in people with SCI are unknown. The aim of the present study was therefore to investigate the acute hemodynamic effects of lower limb INP (-40 mm Hg) in people with SCI. We hypothesized that application of INP would increase arterial and skin blood flow pulsatility in the foot compared to atmospheric pressure (baseline), with only minor changes in central hemodynamics.
Methods

Recruitment
Eligible participants with chronic SCI were recruited from the Norwegian Spinal Cord Injury Association and the weekly exercise training groups for people with SCI at Oslo University Hospital, Aker between November 2015 and March 2016.
Participants
Inclusion criteria were: (i) complete or incomplete SCI; and (ii) >6 months since SCI. Exclusion criteria were: (i) chronic respiratory insufficiency; (ii) eczema and psoriasis; (iii) uncontrolled hypertension; and (iv) recent (<12 months) vascular, abdominal, cardiothoracic, or lower limb vascular surgery. Neurological levels were classified as complete or incomplete according to the American Spinal Injury Association classification system [15] . All participants were asked to refrain from eating 2 h before the experiment and from consuming alcohol, tobacco, or caffeine on the day of the experiment. None of the participants had signs of active lower extremity infections or ulcers.
Vascular measurements before the experiments
Participants were asked to empty their urinary bladder prior to having their vascular measurements taken, to minimize sympathetic activity from bladder distension on vascular tone [16] . After participants rested for 5 min in a supine position, we performed an initial vascular assessment to measure limb hemodynamics, using ankle-brachial pressure index (ABPI) with a continuous-wave hand-held 8 MHz Doppler blood velocity detector (MacroLab; STR Teknikk, Aalesund, Norway) [17] . The systolic pressures were measured in the following order: right brachial, dorsalis pedis, and posterior tibial arteries; left dorsalis pedis and posterior tibial arteries; and the left brachial artery. Thereafter, ankle pulse-volume recording (PVR) was measured in both ankles with pressure cuffs connected to an air plethysmograph (Stranden MacroLab, STR Teknikk, Aalesund, Norway). PVR is a non-invasive test to evaluate total inflow in the examined limb. The pressure cuffs compress the veins, but not the arteries, and sense pulsatile arterial inflow with each cardiac cycle without venous interference [18] .
In accordance with previous investigations on patients with peripheral arterial disease [5] , showing that lower extremities with low systolic pressure are the most vulnerable to developing arterial leg ulcers [19] , we chose the lower extremity with the lowest systolic ankle pressure as the test leg during the experiments (limb exposed to INP). Figure 1 shows the probes attached to the foot to assess foot circulation. During the experiment, arterial blood flow velocity was continuously measured in the dorsalis pedis artery with a 10 MHz pulsed Doppler probe (SD-50; GE Vingmed Ultrasound, Horten, Norway). If it was not possible to obtain an adequate blood flow signal in the dorsal pedis artery, the posterior tibial artery was used. The ultrasound beam transducer was positioned centrally at either the dorsum of the foot or posterior to the medial malleolus of the ankle, depending on where we obtained the highest blood flow velocity signal. Thereafter, the transducer was attached to the skin by surgical tape (Micropore Surgical Tape, 3M, MN, US).
Signal acquisition and analysis during the experiments
After preparing the pulp skin of the first toes with an alcohol swab, laser Doppler fluxmetry (LDF) probes (404-1 and Periflux 4000; Perimed AB, Järfälla, Sweden) were attached bilaterally to the skin of the pulps of the first toes (Fig. 1) . LDF gives a semiquantitative measurement of cutaneous peripheral microcirculation expressed in arbitrary units (AU) [20] .
Skin temperature was measured with temperature probes (AD590 temperature transducer, STR Teknikk, Aalesund, Norway) attached to the dorsum of the foot using surgical tape.
Finger arterial pressure was measured continuously via a finger cuff from the third finger of the right hand, using a photoplethysmographic volume-clamp method (Finometer; FMS Finapres Medical Systems BV, Amsterdam, The Netherlands). Care was taken to adjust the arm so that the finger was at the level of the heart. Finometer pressures were calibrated with an automated sphygmomanometer (Solar 8000i, GE-Marquette Medical Systems, Inc., Milwaukee, USA) at the beginning of each experiment. Instantaneous heart rate (HR) was obtained from the duration of each R-R interval of the three-lead electrocardiogram (ECG) signal.
After attaching the probes, the participants' feet were covered with loose, non-elastic wool socks to keep them warm and under approximately constant temperature during the course of the study. Also, a light blanket covered the participants during the experiments to avoid cooling.
Analog signals for all measurements were continuously sampled at 300 Hz and averaged beat-by-beat gated by the R-waves of the three-lead ECG using custom-made software (REGIST 3, Morten Eriksen, University of Oslo, Oslo, Norway). Thereafter, all physiological data were imported to a personal computer and Microsoft Excel (Microsoft Office 2010 for Windows; Microsoft, Redmond, Washington, USA) for further analysis. Participants were instructed to avoid moving and talking throughout the sampling period. All measurements were performed by the same researcher.
INP application
The experimental set-up is illustrated in Fig. 1 . It was recently described in detail together with the experimental protocol elsewhere [5] . Briefly, after attaching the ECG, blood pressure cuff, and probes to the foot, the participants were comfortably clothed and seated in their wheelchair for 20 min before the experiment started. The test leg was placed in a rigid molded polyethylene custom-made subatmospheric pressure chamber connected to a pressure control system (FlowOx, Otivio AS, Oslo, Norway). The contralateral leg was placed outside the subatmospheric pressure chamber. Internal padding in the subatmospheric pressure chamber allowed for insertion of the leg with probes attached, preventing pressure points on the skin of the leg and foot. Only the posterior part of the lower leg was in contact with the internal padding. To allow for application of negative pressure, the subatmospheric pressure chamber was sealed just below the knee with a thermoplastic elastomer (TPS-SEBS) (Fig. 1) . During the experiments, the participants were asked to sit with an approximate angle of 130°in their knee and hip joints.
Experimental design
After 5-min baseline registrations with no pressure manipulation (atmospheric pressure), INP with −40 mm Hg negative pressure was applied for 10 min, alternating 10 s negative pressure and 7 s atmospheric pressure (~3 INP cycles per minute). Thereafter, a 5-min post-INP sequence at atmospheric pressure was recorded.
All experiments were conducted in a quiet and temperature-controlled environment (25 ± 1.4°C) to reduce sympathetic stress that could create artifacts [21] and to ensure thermoneutral conditions [22] . The participants' thermoneutral state was reflected by large fluctuations in the dorsal pedis artery blood flow velocity and high fluctuation frequencies in acral skin blood flow. Pressure within the subatmospheric pressure chamber was continuously monitored throughout the study using an attached calibrated pressure transducer (Fluke, 700G Series, Everett, WA, USA).
Statistical analysis
Descriptive data are presented as mean with (standard deviation) or median with (range), whichever suitable. We analyzed the data with a mixed-effects regression model to account for the repeated measurements within subjects, modeling the individual variations using random effects. Statistical analyses were performed using R version 3.3.3 with the "nlme" [23] and "multcomp" [24] add-on packages (R Foundation for Statistical Computing, Vienna, Austria). For all statistical tests, a two-tailed probability level of P < 0.05 was considered statistically significant.
Cross-validation of maximal blood flow
One potential source of error when estimating maximal blood flow is that the estimated peak value can be inflated by random peaks when using the same data to both locate the maximum value and estimate its magnitude. To avoid this, we applied 8-fold cross-validation randomly, dividing the 24 subjects into 8 groups. We then systematically estimated the peak value for each (3-subject) group while locating the time to maximum flow and flux among the remaining 21 subjects. Flow and flux magnitude was then estimated by the average value across all the crossvalidation groups. To determine confidence bounds (intervals) for the estimated group differences, we sampled 10,000 bootstrapping replications from our patient material. Note that this was not performed for the estimates describing changes in flow over time within one INP cycle.
Changes in
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Results
Adequate Doppler signals could not be obtained in 1 of the 25 recruited SCI participants. Twenty-four Caucasians were therefore included in the final arterial blood flow velocity analysis. Blood flow velocity was measured in the dorsal pedis artery (n = 23) and in the posterior tibial artery (n = 1). Participants' characteristics are presented in Table 1 . The median (range) time with SCI was 19 years (range: 2.5-47) and the median (range) ABPI in the test leg was 1.0 (range: 0.42-1.10). All participants were nondiabetic and non-smokers, and all were wheelchair users.
Cross-validation of maximal blood flow
Estimated maximal blood flow velocity calculated by crossvalidation was 33% (95% confidence interval (CI) 16 to 46, P < 0.001) above baseline. Estimated maximal skin blood flux (laser Doppler) was 11% (95% CI −4.1 to 60, P = 0.14) above baseline in the test leg, and −0.49% (95% CI −13 to 18, P = 0.94) in the foot not exposed to INP.
Blood flow velocity and laser Doppler flux changes during INP
There were larger fluctuations in blood flow velocity during application of INP compared to baseline blood flow velocity (Fig. 2) . (Figs. 2 and 3 ). Peak arterial blood flow velocity was reached 3 s after the onset of negative pressure, at 30% (95% CI 22-38, P < 0.001) above baseline (Fig. 3) . At peak laser Doppler flux, this was 20% (95% CI 5-36, P < 0.001) above baseline (Fig. 3) . Peak laser Doppler flux measured in the foot not exposed to INP was not significantly different from baseline, P = 0.17) (Fig. 3) .
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Discussion
The major finding of the present study was that INP applied to the lower leg and foot induced increased fluctuations (flow pulsatility) in arterial blood flow velocity in people with chronic SCI. INP induced an increase in peak arterial blood flow velocity at the onset of negative pressure, compared to average baseline blood flow velocity. Moreover, the increase in flow pulsatility occurred without significant changes in central hemodynamics. Our findings support the hypothesis that application of short oscillations of mild negative pressure to the lower leg and foot increases flow pulsatility in foot macrocirculation and microcirculation in people with SCI. Application of INP to the lower limb has been reported to induce beneficial clinical changes in patients with peripheral vascular disease, such as wound healing, increased maximal walking distance, and resting flow after 4-6 weeks [7, 11] . Those protocols involved INP treatment for half an hour two [7] or three times [11] per week. A double-blinded, randomized study [10] found increased ABPIs, maximal and pain-free walking distance, and beneficial effects on platelet aggregation in patients with peripheral arterial disease after 2 months with intermittent negative and positive pressure therapy to the lower body (Vacusac Intl. aps, Denmark). Similar findings were later replicated in peripheral arterial disease patients using the same method in a randomized, placebo-controlled crossover study [9] . Moreover, a recent case study on patients with late-stage peripheral arterial disease and chronic leg and foot ulcers (including one paraplegic patient) indicated that 8 weeks of INP therapy 2 h per day improves foot perfusion and wound healing [6] . These clinical findings are consistent with the INP-induced increase in foot circulation in two separate experimental studies: on healthy subjects [4] and on patients with peripheral arterial disease [5] . The present study demonstrates that the peripheral vasculature in SCI participants may have a comparable ability to increase macrocirculatory and microcirculatory foot circulation during INP as was shown for healthy subjects [4] and patients with atherosclerotic ischemic disease [5] .
Previous investigations on healthy volunteers [4] and patients with peripheral arterial disease [5] found that INP induced an increase above baseline flow of 44% and 46%, respectively. In the present study, INP increased blood flow velocity, with a cross-validated estimated peak level 27% above baseline.
The use of cross-validation, by picking randomly inflated points on the flow curve as the true peak, is important to avoid overestimating the true increase. Nevertheless, the approach might also underestimate peak flow, as crossvalidation might pick non-optimal peak locations in a relatively limited sample size. Hence, the true blood flow peak value is probably between our estimated value and the directly observed peak of 30% above the baseline level, at about 3 s after onset of negative pressure. After the peak, flow velocity gradually declined, despite continued negative pressure. After about 11 s, blood flow velocity fell below baseline values. This decline in blood flow velocity below baseline values reduced mean arterial blood flow velocity during the INP sequence.
We have previously found that INP applied through an identical 10-min INP sequence as in the present study induced a 12% increase in flow velocity in patients with peripheral arterial disease, compared to 5-min baseline flow [5] . The explanation for this difference is not clear, but it is possible that there is a stronger local vasoconstrictor response to venous distension in the lower limbs among people with SCI than among able-bodied individuals [14] .
The mechanisms of action for the observed increased flow pulsatility during INP in the present study are not clear. However, the proposed main contributing mechanisms to the increase in flow during suction are an increase in perfusion pressure [7, 8] and avoidance of the local venoarteriolar reflex [25] , which constricts the arterioles when the veins are distended during constant negative pressure [26] . This vasoconstrictor response is independent of brain stem control and is also found intact in subjects with tetraplegia [27] .
As previously shown, pressure changes within a subatmospheric pressure chamber are accompanied by similar pressure changes in the superficial veins and interstitial tissues within the limb exposed to subatmospheric pressure [7, 8] . According to Poiseuille's law [28] , blood flow may be increased by changing perfusion pressure or vascular resistance or through a combination of these two factors. Increased flow pulsatility during INP is therefore likely explained-at least partially-by temporary changes in perfusion pressure within the vessels during application of subatmospheric pressure [7] .
By applying INP to the lower leg and foot, increased arterial inflow during suction is likely to occur in all six angiosomes and collateral vessels of the lower leg and foot. This is due to rapid changes in perfusion pressure and mechanical dilation of the tissues and vessels exposed to INP. The abrupt INP-induced change in ambient pressure induces increased flow pulsatility, which provides variable driving pressure for blood flow through the cutaneous tissue [29, 30] . Blood flow through the cutaneous tissue, in turn, results in short bursts of arterial blood flow to the small vessels of the skin. Flow pulsatility is found to: (i) improve erythrocyte flow velocity in the capillaries; (ii) increase the number of perfused capillaries; (iii) increase tissue oxygenation; (iv) reduce peripheral vascular resistance; and (v) enhance basal and flow-stimulated endothelium-derived nitric oxide release in the peripheral vasculature in vivo [31] . Such fluctuations in blood flow have been proposed to be more essential than mean flow for adequate tissue perfusion [32, 33] .
In recent years, the use of focal negative pressure wound therapy (NPWT) has become a common worldwide modality in the treatment of acute and chronic wounds [34] , despite scarce evidence of its effects on leg ulcer healing [34] . NPWT applies subatmospheric pressure to the local wound environment through a sealed dressing and sucks wound and tissue fluid into a canister [34] . NPWT is different from the INP method investigated in the present paper for three main reasons: First, NPWT only applies subatmospheric pressure to a focal wound area. Second, NPWT commonly applies higher subatmospheric pressures (−80 to −125 mm Hg) [35] than used in the present study. Third, NPWT applies subatmospheric pressures continously or with a cycle length of minimum ≥2 min.
We have previously demonstrated that application of 2-min constant negative pressure decreases arterial and skin blood flow in the foot of healthy subjects, while short oscillations of 10 s negative pressure increased arterial and skin blood flow in the foot [4] . Further, Skagen et al. [26] found that constant negative pressure applied to the skin resulted in increased vascular resistance and a pronounced decrease in skin blood flow. Accordingly, NPWT decreases tissue perfusion beneath the wound dressing [36] and in close proximity to the wound area [37] and decreases tissue oxygenation of the foot [38, 39] .
Methodological considerations
There are some limitations to the present study. First, arterial blood flow velocities were used to describe changes in arterial blood flow in the foot in the participants. We were not able to measure the diameter of the dorsalis pedis and posterior tibial arteries within the subatmospheric pressure chamber during INP. However, pulsatile diameter in small arteries has been found to be very stable [40] . We therefore believe it is reasonable to assume that the changes in observed blood flow velocity during INP reflect changes in blood flow in the foot artery. If vessel diameter were to increase due to flow-mediated vasodilation, this would tend to further increase arterial blood flow during INP and therefore underestimate our INP-induced flow effect. We observed in the present study increased flow pulsatility in both blood flow velocity and laser Doppler flux of the foot during the INP cycles compared to baseline. Together, these findings demonstrate that INP induced skin perfusion of the foot during INP.
Second, we recruited mainly from the local hospital training group. The SCI population in the present study consisted of non-smokers and non-diabetics without leg or foot ulcers. The recruited population in our study may therefore have been more physically fit and active than the average SCI person. Many people with SCI have abnormal carbohydrate and lipid metabolism and higher rates of cardiovascular disease [41] , due to deconditioning and extreme inactivity, as well as possibly due to higher smoking rates compared to the general population [42] .
Conclusions
This study found that application of mild INP to the lower leg and foot induced a significant, abrupt increase in arterial blood flow in the foot, followed by a decrease. This fluctuation was observed following the onset of negative pressure, without any significant changes in MAP or HR. This INP-induced increase in blood flow pulsatility during short oscillations of negative pressure may potentially promote tissue perfusion and ulcer healing in SCI people with ulcers in the lower limb. Future studies are warranted to explore possible clinically relevant effects and to elicit the working mechanisms of INP.
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